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Summary
A strategy is described that allows the development of polymorphic genetic markers to be characterized in
individual genes. Segments of the 3' untranslated regions are amplified, and polymorphisms are detected
by digestion with frequently cutting enzymes and with the detection of single-stranded conformation polymor-
phisms. This allows these genes, or DNA segments, to be placed on the linkage maps of human chromo-
somes. Polymorphisms in two genes have been identified using this approach. A HaeIII polymorphism was
detected in the KIT proto-oncogene, physically assigned to chromosome 4q11-12. This polymorphism is
linked to other chromosome 4p markers and is in linkage disequilibrium with a HindIll polymorphism
previously described at this locus. We have also identified in the insulin-like growth factori receptor gene
(IGF1R) a 2-bp deletion that is present at a frequency of .25 in the Caucasian population. Pedigree analysis
with this insertion/deletion polymorphism placed the IGFiR gene at the end of the current linkage map
of chromosome 15q, consistent with the physical assignment of 15q2526. Thus, polymorphisms in specific
genes can be used to relate the physical, genetic, and comparative maps of mammalian genomes and to
simplify the testing of candidate genes for human diseases.
Introduction
More than 1,800 DNA probes have been described
that detect RFLPs; 1,000 of these have been typed in
the CEPH collection of pedigrees (Kidd et al. 1989;
Dausset et al. 1990). However the majority of these
probes are anonymous DNA markers, not associated
with specific genes. Polymorphisms in fewer than 400
human genes have been described, and most of these
are not generally useful, because they have a low PIC
and/or are detected by infrequently used restriction
enzymes.
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The development of informative polymorphisms in
human coding genes is an important goal for several
reasons. First, a critical reason for gene mapping is to
resolve the relationship of gene function to develop-
ment, to disease, and to phenotype. Thus the availabil-
ity of genotypic variation in coding genes has tradi-
tionally formed the basis for genetic investigations.
The identification of candidate loci for heritable hu-
man disease and phenotypic traits would be facilitated
by the availability of a contiguous gene map of poly-
morphic functional genes. Second, a growing data
base of comparative gene mapping in mouse and sev-
eral other mammalian species is undergoing rapid
development. Since comparative genetics requires
knowledge of sequence homology, informative ex-
trapolation requires that evolutionarily conserved
coding loci be studied (O'Brien and Graves 1990).
Ignoring coding loci in human gene mapping would
risk loss of this comparative perspective. Third, as
genetic analysis pervades all fields of human biology,
cumulative genetic information based on health and
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biological questions (not necessarily in the purview of
the human genome project) will continue to contribute
to our understanding of genome organization. Devel-
opment of polymorphic coding genes (in contrast to
anonymous DNA segments) would be a rewarding
investment in the stimulation of such investigations.
Traditional methods to identify RFLPs in specific
genes involve the hybridization of cDNA or genomic
probes to DNA from unrelated individuals which has
been digested with a number of restriction enzymes.
This approach has been successful in finding a moder-
ately frequent polymorphism, in a commonly used en-
zyme, approximately a third of the time (M. Dean,
unpublished data). Kreitman and Aguade (1986)
developed a high-resolution approach to identify poly-
morphisms in genes in Drosophila. Their method in-
volved digestion with frequently cutting (4-bp recogni-
tion sequence) restriction enzymes and electroblotting
of fragments from sequencing gels. Thus, the yield of
polymorphisms at a given locus can be increased, on
average, 16-fold over that of traditional 6-bp restric-
tion enzymes, because the recognition site of frequent
cutters occurs at random every 256 nucleotides (Kreit-
man and Aguade 1986). Alterations as small as single-
nucleotide insertions and deletions can be detected us-
ing this technique. We used the PCR to apply this
approach to a human anonymous DNA segment
linked to cystic fibrosis (Dean et al. 1990a). Here we
present a similar strategy to identify RFLPs in specific
genes. Most expressed sequences could therefore be
placed on genetic maps and be tested for linkage or
association with genetic diseases.
Material and Methods
PCR
Each reaction contained 100 ng of DNA, 200 gM
dNTPs, 1 unit Taq polymerase (Cetus or Digene), 1
gl of a 1 O.D. /ml stock of each oligonucleotide in 10
mM TrispH 8.8, 50mM KCI, 1.5mM MgCl2, 0.01%
gelatin (Saiki et al. 1985). Reactions were performed
in a volume of 25 pl. PCR products can be directly
digested by adding 1 vol of a solution containing re-
striction enzyme and a twofold concentration of the
recommended buffer. For single-stranded conforma-
tion polymorphisms (SSCP) analysis, PCR reactions
were performed as above, except that 0.1 jl of 32p-
dCTP was added, the dNTPs were reduced to 70 gM,
and the reaction volume was 10 Jl. Two microliters
of this reaction were mixed with 8 pl of 95% for-
mamide, 5mM NaOH, 0.1% bromophenol blue, and
0.1% xylene cyanol. The samples were heated to
950C for 2 min and were cooled on ice, and 2 gl was
loaded on 0.4-mm-thick 5% acrylamide gels in 1 x
TBE. Electrophoresis was performed at 3 W for 16-20 h
at room temperature, and the samples were dried
onto 3 MM paper and were exposed to X-ray film for
3-48 h (Dean et al 1990b; Dean and Gerrard 1991).
The use of 0.25 mM spermidine has been shown to
increase the consistency of amplification of certain
PCR primers (Straub and Bale 1990; Gerrard et al.,
submitted). In addition, incomplete denaturation can
be overcome by diluting the PCR products prior to
electrophoresis (Orita et al. 1989; data not shown).
Primers employed for KIT (Yarden et al. 1987)
were 5'TCTGAGCAGAATCAGTGTTTGGGTC and
5'CAGTAACTTTGTCAAACAGCATA. These prim-
ers amplified a 975-bp fragment that was digested with
HaeIII overnight at 370C, and the fragments were
separated by electrophoresis on 5% polyacrylamide
gels. IGF1R oligonucleotides were 5'GAGACAGCT-
TCTCTGCAGTA and 5'TCCGGACACGAGGAA-
TCAGC (Ullrich et al. 1986). The resulting fragment
was digested with PvuII and Sau96I for 2 h at 371C
and separated on 15% polyacrylamide gels.
Linkage Analysis
Linkage analysis was performed using version 3 of
the CEPH data base. Files were converted into MAP-
MAKER format by using LNKTOMAP (provided by
Ken Beutow) and were analyzed with the MAP-
MAKER program (Lander et al. 1987). After comput-
ing two-point LOD scores with each marker on the
appropriate chromosome, the best order was calcu-
lated for the most closely linked loci.
Results
Use of the PCR to amplify DNA segments 500 bp
or greater and digestion of the amplified product with
frequently cutting restriction enzymes can identify
polymorphisms that are not resolved by standard tech-
niques (Dean et al. 1990a). Most mammalian genes
contain both intervening sequences and 5' untrans-
lated regions that exhibit greater DNA variation than
do coding domains, because variability of the latter
segments is constrained by natural selection. DNA se-
quence information for most human loci is limited
to cDNA transcripts, which, unfortunately for this
analysis, do not identify the sequence position or
length of intron sequences. However, the 3' untrans-
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Table I
Polymorphisms in 3UTR
Gene (location) Size
and Enzyme Allele (bp) Frequency N
KIT (4ql1-12):
HaeIII ............... 1 285 .83 70
2 152 and 133 .17
IGF1R (15q25-26):
PvuII + Sau96I ..... 1 45 .75 100
2 43 .25
lated regions (3UTR) (generally greater than 300 bp)
are usually reported, providing a DNA segment ideal
to use in screening for polymorphisms. To directly test
this idea, we amplified segments of the 3UTR from
KIT 3' UT
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Figure I HaeIII RFLP in 3UTR of KIT gene. Top, Map of
HaeIII restriction sites (H) in 3UTR of KIT. Arrows indicate the
positions of the primers used for the PCR, and numbers denote
the nucleotide positions of the HaeIII sites. The (H) denotes the
polymorphic site. Bottom, Ethidium bromide-stained 5% poly-
acrylamide gel of several unrelated individuals typed for KIT RFLP.
The marker is the 1-kb ladder (BRL) with sizes shown in basepairs.
1, Allele 1. 2, Two fragments that constitute allele 2. Genotypes
are shown below the lanes.
several genes and tested these regions for polymor-
phisms.
Table 1 presents two genes chosen for analysis: the
proto-oncogene KIT and the insulin-like growth fac-
tor-1 receptor gene IGF1R. At the time this project
was initiated, neither of these genes was known to
be polymorphic. Primers from the KIT-gene 3UTR
amplified a 975-bp segment consistent with the pub-
lished sequence (Yarden et al. 1987). The segment was
digested with a series of restriction enzymes with 4-bp
recognition sequences, and the products resolved on
5% polyacrylamide gels. Fragments from HaeIII di-
gestion revealed a different pattern in several individu-
als, because of the presence of a polymorphic HaeIII
site (fig. 1, top). Examination of the map predicted
from the sequence allowed the polymorphic site to be
localized (fig. 1, bottom).
The KIT gene has been physically mapped to chro-
mosome 4q11-12 by in situ hybridization (Yarden et
al. 1987). To place the KIT gene on the linkage map,
we typed all of the informative parents in the CEPH
families for the HaeIII polymorphism. The RFLP
showed Mendelian segregation in all families ana-
lyzed, and the frequency of the alleles is given in table
Table 2
LOD Score Analysis of KIT and IGFIR
Gene and
Marker Location Omax LOD Score
KIT:
D4S35 ............ 4pll-qll .02 6.98
D4S67............ 4pl3-ql3 .02 6.39
ATP1BL1 ........ 4pl6-q23 .00 3.91
INP10............ 4q21 .20 1.20
IGF1R:
D1SS3 ............ 15 .00 5.10
D1SS37 ........... 15 .42 .92
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Figure 2 Polymorphism detected in IGF1R gene. A, Autora-
diograph of SSCP gel resolving alleles of RFLP in IFG1R in three
unrelated individuals. Allele 1 is resolved as a fragment of lower
mobility; genotypes are shown below the lanes. B, Acrylamide gel
resolving alleles after digestion with PvuII and Sau96I.
1. A HindIII RFLP was recently described with a v-kit
probe and was typed in these same families (Berdahl
et al. 1988; Buetow et al. 1991). There was no recom-
bination detected between the HaeIII and HindIII
RFLPs; moreover, the two markers are in strong link-
age disequilibrium with a standardized linkage dis-
equilibrium value (A) of .66 (X2 = 30.3). The KIT
HaeIII polymorphism showed significant linkage with
several other chromosome 4 markers (table 2), and
multipoint linkage analysis placed the gene between
D4S35 and INP10, consistent with the physical loca-
tion reported elsewhere (Yarden et al. 1987).
A similar polymorphism search of the IGF1R 3UTR
revealed closely spaced, higher-molecular-weight
bands after digestion with several enzymes, suggesting
the presence of a small insertion/deletion polymor-
phism (data not shown). We have recently found that
alleles that contain insertions as small as a single nucle-
otide can be efficiently resolved as SSCPs (Dean et al.
1990b). SSCPs are detected by fractionating dena-
tured, radiolabeled DNA on nondenaturing gels (Or-
ita et al. 1989). Figure 2 shows resolution of the
IGF1R alleles on an SSCP gel. Individuals were also
typed by double digestion with PvuII and Sau96I (fig.
2B). Analysis of 14 informative CEPH families dem-
onstrated that IGF1R is linked to the chromosome 15
marker D15S3 (0 = .00, LOD score = 7.5; table 2).
D15S3 has been placed 23 cM distal to D15S37 and
is the most distal marker on a linkage map of this
region (Nakamura et al. 1988). This is consistent with
the physical assignment of IGF1R to 15q25-26 (Ull-
rich et al. 1986) and provides an additional anchor
point for the physical and genetic maps.
Table 3
Size of Human 3UTR
Locus
EGR1...................
EGR2...................
CTLA4.................
G3G, ....................
CRYG ..................
Gxa .....................
CCK ....................
GNAI1 .................
GLI2....................
GNAI2 .................
GNAI3 .................
F11......................
ICAM-2................
F12......................
CDR ....................
PIM .....................
Leukosiali .............
TNFA ..................
APP .....................
L2G25B ................
4-1BB ...................
TCRA ..................
INSR....................
VAV ....................
GF-1 ....................
SYN.....................
MBP ....................
Lipocurtin .............
Glucocerebos .........
ANP ....................
TBG ....................
PLP......................
CHRND ...............
IL2R ....................
LYN ....................
IGF ......................
INHA...................
INHBA .................
INHBB .................
PDGFR.................
PKCB ...................
21-OHase .............
IL3 ......................
CFAG ..................
CD1.....................
Size of
3UTR
(bp)
1,380
1,110
1,132
1,785
40
2,050
566
512
140
3
1,100
180
121
140
432
1,330
994
790
1,108
410
1,435
550
1,045
265
500
455
1,603
286
110
303
295
540
280
525
480
280
280
130
900
1,130
830
490
415
66
580
Location Spliceda
5q23-q31
10q21
2q33
2q33-35
3pter-p21
7q21-22
2
1
4q35
5q33-qter
Xq27
6p21
16
6p21.3
21q21
No
No
No
No
Yes
No
No
No
No
14q21 1
l9pl3
18q22-ter
9ql 1-22
lq
Xq21-22
Xq21-22
2q33-ter
4q26-27
8ql3-ter
12q23
2q33-ter
7plS-pl3
2cen-q13
5q31-33
16pl 1.2-12
No
5q23-31
1
lq22-23
NOTE. -Genes chosen at random were examined for the length
of the 3UTR. References for each locus can be found in the work
of Kidd et al. (1989).
a Entries indicate whether the 3UTR is disrupted by an intron;
blank indicates that the answer is unknown.
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Discussion
We describe here an empirical strategy for identi-
fying RFLPs for virtually any coding-gene sequence.
The combination of PCR amplification of untrans-
lated domain segments and high-resolution methods
for visualizing RFLPs should allow the development
of useful polymorphism for many of the 2,000 coding
genes that are on the human gene map but not yet on
the linkage maps. An examination of 45 randomly
chosen genes suggests that most genes have a 3UTR
that is greater than 300 bp (table 3). This approach
will allow genes to be (a) more reliably placed on the
genetic maps of human chromosomes as well as (b)
tested for linkage and/or association with disease.
Polymorphisms can be detected either by digestion
with enzymes or by the identification of SSCPs. For
regions of low variation, the SSCP method should be
more efficient. SSCP can potentially detect all varia-
tions, and we have identified point mutations by using
SSCP that cannot be detected with restriction en-
zymes.
The degree of polymorphism within the 3UTR is
not well known. Several sequences of 3UTRs from
homologues have been described. In the SRC gene
there is no significant homology between human
3UTR and chicken 3UTR (Anderson et al. 1985). For
the PKCG gene the overall similarity with the bovine
gene is 50%; however, the extent of identity within
the 3UTR of these genes varies, being 10%-90%
(Coussens et al. 1986). The PIMi gene 3 UTR is 72%
conserved between mouse and human, in contrast to
the 94% identity in the coding region (Zakut-Houri
et al. 1987). An exceptional case is the IL3 gene, for
which the 3UTR of the mouse gene was used to clone
the human homologue (Dorssers et al. 1987). The
3UTR contains sequences for poly-A addition and
may also be involved in termination, transport, and
stability of mRNAs (Jackson and Standart 1990).
However, the insertion of repetitive sequences and the
reduced conservation of these regions suggest that
there is little evolutionary constraint on most of the
domain.
Other regions of genes may also prove to be useful
in identifying RFLPs. For some genes the location and
size of the intervening sequences are known, allowing
these regions to be amplified. Introns not only vary
rapidly but in some cases contain highly polymorphic
sequences, such as VNTRs and minisatellites (Furu-
tani et al. 1986; M. Dean, unpublished data). Many
introns also contain Alu-family repetitive sequences,
many of which may be polymorphic (Epstein et al.
1990).
At least three distinct types of mapping endeavors
are currently used to characterize the human genome;
these are the genetic, physical, and comparative ap-
proaches. The order of genes on murine chromosomes
provides useful clues to the order ofhuman sequences.
Genes provide the anchor points that connect the link-
age and physical maps of many of the chromosomes.
The further identification of RFLPs in expressed se-
quences can only serve to increase the usefulness of all
three types of mapping approaches. The 3UTRs of
genes provide convenient sequence-tagged sites (STS)
that have been proposed as being anchor points of
chromosome maps (Olson et al. 1989). Polymorphic
STS will be important for connecting the physical and
genetic maps.
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